I. INTRODUCTION
van der Waals (vdW) dimers have been studied broadly both experimentally and theoretically in the past few decades. [1] [2] [3] The motivation for studying the vdW complexes is that such systems have intermediate complexity between individual molecules and the condensed phase. The influence of a weakly bound environment on various phenomena in liquid phase, solid state, and interfaces can be understood by investigating the structures of small clusters with moieties and their interactions. One of the major goals of chemistry is to investigate and understand the non-bonded or weak interactions because of their ubiquitous role in diverse fields. The nonbonding interactions such as van der Waals dispersion and hydrogen bonding play an important role in determining the structure and properties of many molecular systems of current interest. These types of weak interactions have multifarious applications in many areas of science, especially in protein folding, drug design, molecular recognition, biological process, condensed matters, crystallography, reaction mechanisms, and so on. [4] [5] [6] [7] [8] [9] [10] The works reported so far in the literature on the OCS-acetylene (OCS-C 2 H 2 ), OCS-ethylene (OCS-C 2 H 4 ), and OCS-dimethylacetylene (OCS-C 4 H 6 ) vdW complexes are mostly experimental. Peebles and Kuczkowski 11, 12 experimentally determined the structures of the isomers of OCSa) Author to whom correspondence should be addressed. Electronic mail:
spakd@iacs.res.in C 2 H 2 complex using Fourier transform microwave spectroscopy. Two isomers of the OCS-C 2 H 2 complex were found, one of them was linear 12 and the other was T-shaped. 11 The spectroscopic constants of the complex were determined by spectroscopic methods and the experimental results for the T-shaped isomer were supported by the semi-empirical ORIENT model and MP2 calculation. In their experiment the S atom of OCS (carbonyl sulfide) molecule interacts with the acetylene molecule of the T-shaped isomer of OCS-C 2 H 2 . Oliaee et al. 13 recorded the infrared spectra of OCS-C 2 H 2 and reported the C-O stretching frequency and rotational constants of the complex. Peebles and Kuczkowski 14 observed the rotational spectrum of the nearly parallel isomer of OCS-C 2 H 4 complex using microwave spectroscopy and estimated the spectroscopic constants. The experimental results were verified by the semi-empirical ORIENT model. Oliaee et al. 15 also studied the infrared spectra of the T-shaped isomers of OCS-C 2 H 2 , OCS-C 2 H 4 , OCS-C 4 H 6 complexes formed by the OCS and various hydrocarbons and reported the rotational constants, C-O stretching frequency, frequency shift, and the equilibrium distance between the centre of mass of OCS molecule and the hydrocarbons of the complexes. Dahmen et al. 16 carried out a very interesting experimental work on the T-shaped isomer of OCS-C 6 H 6 complex and explored two possibilities for the formation of T-shaped isomer using rotational spectroscopy. In the first case S atom and in the second case O atom of OCS molecule interact with the benzene molecule of the OCS-C 6 H 6 complex. From the above experimental findings it appears that the OCS-C 2 H 4 and OCS-C 4 H 6 complexes may exist in three isomeric forms, nearly parallel and two T-shapes, but no theoretical and experimental work has been done so far to explore these three possibilities. In this article we have investigated the possibilities of formation of the three isomers of OCS-C 2 H 4 and OCS-C 4 H 6 complexes by studying their stability and spectroscopic properties. As the system is weakly bound, it is necessary to incorporate the long-range dispersion correction in the density functional theory (DFT-D) 17, 18 to describe the systems properly. To confirm the earlier experimental results of the OCS-C 2 H 4 and OCS-C 4 H 6 complexes and to find out the probable isomers, we have used two double hybrid density functional (DHDFs) methods, namely, B2PLYP 19 and mPW2PLYP 20 with "-D2" and "-D3" dispersion corrections and without dispersion correction. Stability, spectroscopic properties, depth of the potential well or binding energy, and potential energy curves (PECs) of the complexes are studied in detail using these methods. The effect of dispersion on spectroscopic parameters is shown with the dispersion uncorrected and corrected formalisms. The symmetry adapted perturbation theory (SAPT, here, SAPT0) has been applied to get physical insight into the interactions of the isomers of the complexes. A comparative analysis has been made between the results obtained by the dispersion corrected double hybrid density functional theory and SAPT. An outline of the methods is given in Sec. II followed by a discussion of the results in Sec. III.
II. METHOD AND COMPUTATIONAL DETAILS
The PECs for all the complexes studied in this article are drawn employing double hybrid density functional methods, namely, B2PLYP, 19 B2PLYP-D, mPW2PLYP, 20 and mPW2PLYP-D. The extension "-D" stands for the long-range dispersion-corrections that represent the van der Waals interaction. The functionals used in the present investigation are discussed below.
The DHDF's, B2PLYP 19 and mPW2PLYP 20 described recently by Grimme and his co-workers, are the mixing of a second order Møller-Plesset type correction term (PT2), which is calculated using Kohn-Sham (KS) orbitals and eigenvalues, to the semi-local generalized gradient approximation (GGA) type correlation in analogy with the replacement of semi-local GGA exchange by the exact HartreeFock (HF) exchange, as in conventional hybrid functionals. In B2PLYP method, 19 Becke's exchange and Lee-Yang-Parr (LYP)'s correlation functionals are employed for the GGAs, but in the mPW2PLYP method 20 the modified Perdew-Wang (mPW)'s exchange functional, suggested by Adamo and Barone 21 , in conjunction with LYP correlation is used, which improves the accuracy of the method.
In contrast to other hybrid and GGA functionals, the DHDFs generally offer excellent results with minimum error for several systems but it lacks the description of dispersion forces. Although dispersion correction was formerly incorporated into the HF and DFT levels of theory by several groups, 22, 23 in the present study we have used the methodology of Grimme where the vdW interaction is described by a damped interatomic potential 19, 20 that takes into account the long-range dispersion effects in non-bonded systems. The total energy can be written as
where E DFT is essentially the KS-DFT self-consistent-field total energy and E vdW is an empirical dispersion correction for van der Waals interactions. The well-known dispersion energy series can be written as
The first term in Eq. (2) stands for the second order dispersion correction generally denoted by DFT-D2 23 and the second term stands for DFT-D3 24 correction. The explicit form of "-D2" correction is
In the above Eq. (3), s 6 is the universal scaling factor that depends entirely on the density functional or semi-empirical method used. For both the B2PLYP and mPW2LYP functionals, Grimme calculated the scaling factor by least-squares optimization of the interaction energy deviations for several non-covalently bound complexes. 20, 25 The scaling factor s 6 accounts for the different behavior of the intermolecular potential especially at intermediate distances. The significant s 6 values for the dispersion-corrected density functionals B2PLYP-D2 and mPW2PLYP-D2 are 0.55 and 0. 40, 22, 25 respectively. C ij 6 is the dispersion energy coefficient, R ij is the interatomic distance between atoms i and j, f dmp (R ij ) is the damping function used to avoid near-singularities for small R and electron correlation double-counting effects, and N is the number of atoms present in the system. The mathematical expression of the damping function, f dmp (R ij ), is given by
where β is taken to be 20 in the exponent. 21 This value of β provides larger corrections at intermediate distances. There are a number of mathematical tools to estimate the dispersion coefficient, C ij 6 . 22, 23, 25 The simple expression for the disper-
, is the geometric mean of the form
Adjusting the C ij 6 combination formula and damping function, Grimme et al. recently proposed a refined method, DFT-D3, 24 which incorporates an additional R −8 term in the dispersion series. The individual atomic C i 6 are interpolated from a number of reference values based upon coordination numbers extracted from the molecular structure, rather than assigned solely by atomic identity as in DFT-D2, 23 and thereby incorporate some effect of the chemical environment into an otherwise largely heuristic correction. The "-D3" dispersion can be expressed as
where s r, 6 and s 8 are the customary nonunity parameters fitted for individual functionals and given in Ref. 26 . In this article, both "-D2" and "-D3" corrections have been incorporated into the double hybrid B2PLYP and mPW2PLYP functionals. Both B2PLYP-D2 and mPW2PLYP-D2 methods have been employed for all the calculations of the complexes, and B2PLYP-D3 and mPW2PLYP-D3 have been applied only to draw the potential energy curves. "-D2" and "-D3" stand for the second and third order dispersion corrections, respectively. The PECs are drawn using B2PLYP and mPW2PLYP methods with and without long range dispersion corrections in conjunction with correlation consistent polarization valence triple-ζ quality (cc-pVTZ) basis sets 27, 28 for all the atoms in the complex. Grimme demonstrated that using the DFT-D method and triple-zeta quality basis sets much of the basis set superposition error (BSSE) calculation is avoided, 25, 29, 30 which is otherwise essential for highly correlated methods like MP2 and coupled-cluster single double (triple) (CCSD(T)). In fact the BSSE is absorbed into the empirical potential. 29 Sherrill and co-workers 31 assessed the performance of DFT and DFT-D methods for describing distance dependence of hydrogen-bonded interactions in biomolecular complexes. Various functionals were used and errors in DFT-D relaxed and un-relaxed interaction energies were estimated with respect to CCSD(T) interaction energies extrapolated to complete basis set (CBS) limit. Burns et al. 32 performed a systematic study for treating non-covalent interactions within the computationally efficient dispersion-corrected density functional theory (DFT-D2 and DFT-D3) framework to compare the benchmark quality evaluations of binding strength compiled for molecular complexes of diverse size and nature.
The geometries of all isomers of the OCS-C 2 H 4 and OCS-C 4 H 6 complexes are optimized at B2PLYP/cc-pVTZ and mPW2PLYP/cc-pVTZ levels of theory without and with "-D2" and "-D3" dispersion corrections using GAUSSIAN 09 and ORCA suite of quantum chemistry programs. 33, 34 The PECs are drawn using B2PLYP and mPW2PLYP methods without and with "-D2" and "-D3" long range dispersion corrections in conjunction with cc-pVTZ basis sets 27, 28 for all the atoms in the weakly bound complexes. All single point energy calculations and scanning of energy are performed using the ORCA suite of programs, 34 and the optimized electronic structures are viewed with CHEMCRAFT. 35 Finally, in order to estimate the dispersion and other effects on the complexes we have used SAPT, 36 in particular, the SAPT0 method to compute different terms partitioning the interaction energy. These are electrostatic, polarization, dispersion, exchange, and repulsion energy terms. The lower-orders of SAPT such as SAPT0 are especially attractive because this method can provide qualitatively as well as quantitatively correct results for large systems. The SAPT0 method treats intermolecular interactions through second-order perturbation theory, and neglects intramonomer correlation. In SAPT, the dimer Hamiltonian is partitioned into contributions from the Fock operator of each monomer (F), the interaction between the monomers (V), and the fluctuation potential of each monomer (W). The interaction energy is written as a perturbation series consisting of E pol terms which originate from the polarization expansion and E exch terms which result from the antisymmetry of the wavefunction with respect to the exchange of electrons between monomers; each term corresponds to a physical component of the interaction. This allows an energy component analysis of the interaction energy to be obtained simply by grouping the various SAPT terms. The zerothorder SAPT (SAPT0) includes terms through second-order in V and zeroth-order in W. Several numerical techniques have been applied to the SAPT0 method to increase the maximum tractable system size. In practice, SAPT0 has been found to provide more accurate results. A detailed account of SAPT and SAPT0 is now available in the literature. [36] [37] [38] The SAPT0 calculations are performed with cc-pVTZ basis set for all the complexes using the GAMESS 39, 40 electronic structure code interfacing the SAPT2008 program. 41 The OCS molecule is positioned perpendicular to the molecular axis of the hydrocarbons (C 2 H 4 and C 4 H 6 ) for the T-shaped isomer of OCS-C 2 H 4 and OCS-C 4 H 6 complexes, i.e., an ideal T-shaped geometry, and OCS molecule is placed nearly parallel to the molecular axis of these hydrocarbons for the nearly parallel isomer of the complexes. The scanning of interaction energy is then performed by varying the distance of separation, R, between the centers of mass of the hydrocarbons and OCS molecule of both the isomers of the complexes. The single point energy is calculated at each value of R without disturbing the perfect nearly parallel and T-shaped geometries of the complexes. It may be noted that R e is the distance between the sulphur atom of the OCS molecule and the centre of mass of the C 2 H 4 and C 4 H 6 hydrocarbons at the stable configurations and R cm is the equilibrium distance between the centers of mass of the OCS and hydrocarbons (C 2 H 4 and C 4 H 6 ).
III. RESULTS AND DISCUSSIONS
The stability, spectroscopic properties, geometry, and PECs for all the isomers of the OCS-C 2 H 4 and OCS-C 4 H 6 vdW complexes have been investigated using both dispersion uncorrected and dispersion corrected DHDF methods. A comparison with the earlier experimental as well as theoretical results, wherever available, has also been made. The PECs are drawn by calculating the single point energies at separation distances R, keeping the geometry of the above complexes unchanged as well as maintaining the perfect structure of all the isomers of the complexes for each value of R. In the calculations, the equilibrium C=C and C-H bond lengths of ethylene are kept fixed at 1.32 Å and 1.06 Å, respectively, and the equilibrium C≡C and C-H bond lengths of dimethyl acetylene are kept fixed at 1.20 Å and 1.08 Å, respectively. Also, the equilibrium C=O and C=S bond distances of OCS molecule are fixed at 1.16 Å and 1.57 Å, respectively. These values are well harmonized with the experimental results of Peebles and Kuczkowski 14 for the nearly parallel isomer of OCS-C 2 H 4 complex. The geometrical configurations of both the isomers (nearly parallel and T-shaped) of the vdW complexes (OCS-C 2 H 4 and OCS-C 4 H 6 ) and their geometrical parameters are shown in Figs. 1-4. As shown in the figures, M 1 and M 2 are the centers of mass of the OCS and hydrocarbons (C 2 H 4 and C 4 H 6 ), respectively. As the spectroscopic properties of the OCS-hydrocarbon complexes calculated by the DHDF methods with "-D2" correction are same as that calculated by the DHDF methods with "-D3" correction, only the results of the B2PLYP and mPW2PLYP methods without and with "-D2" correction have been reported and the spectroscopic properties of these complexes have been discussed only at these levels. The PECs for these complexes have been drawn using the DHDF methods with "-D2" and "-D3" corrections to get an idea about the dispersion corrections.
The OCS-hydrocarbon complexes may exist in two Tshaped structures, OCS-C 2 H 4 and SCO-C 2 H 4 for OCS-C 2 H 4 and OCS-C 4 H 6 and SCO-C 4 H 6 for OCS-C 4 H 6 . Among these structures, the T-shaped OCS-C 2 H 4 and OCS-C 4 H 6 isomers are stable and the other two T-shaped SCO-C 2 H 4 and SCO-C 4 H 6 isomers are unstable. The reason for this is that due to high electron density on the O atom compared to the S atom in OCS molecule, O atom does not interact with the hydrocarbons C 2 H 4 and C 4 H 6 of SCO-C 2 H 4 and SCO-C 4 H 6 complexes. In other words, the negative end of the dipole moment of OCS molecule does not interact with the electrons of the carbon-carbon bond of the hydrocarbons (C 2 H 4 and C 4 H 6 ) making the T-shaped SCO-C 2 H 4 and SCO-C 4 H 6 structures unstable. The situation is reverse for the T-shaped structures OCS-C 2 H 4 and OCS-C 4 H 6 , where the positive end of the dipole moment of OCS interacts with the electrons of the carbon-carbon bond of the hydrocarbons making the T-shaped structure stable, which is depicted in Figs. 2 and 4. The reason is also clear from the population density analysis. The NBO atomic charges obtained at mPW2PLYP-D2 level are reported in Table I . The NBO charges on O atom of the OCS moiety and on the two C atoms of the C 2 H 4 molecule of the T-shaped isomer of the OCSethylene complex are −0.487 and −0.360, respectively. So the T-shaped isomers of both the complexes do not exist in nature. But for the T-shaped OCS-C 2 H 4 and OCS-C 4 H 6 isomers, the NBO charge on S atom is smaller than that on O atom in the OCS moiety. So, when the S atom comes close to the C 2 H 4 and C 4 H 6 , the repulsion will be very small which makes these two T-shaped isomers stable and found in nature. Therefore, the complexes have only one type of stable T-shaped isomer, OCS-C 2 H 4 and OCS-C 4 H 6 . It is interesting to note that due to the interaction of the dipole moment with the electrons of the carbon-carbon bond and the electrostatic attraction between the effectively negative charge of O atom and positive charge of H atom, the OCS molecule aligns itself in such a direction with respect to hydrocarbons, which are almost parallel, shown in Figs. 1 and 3 , so that another type of isomers called nearly parallel isomers are formed. Of the two isomers, nearly parallel and T-shaped, at mPW2PLYP-D2(D3)/cc-pVTZ level the nearly parallel isomers of OCS-C 2 H 4 and OCS-C 4 H 6 complexes are about 105 (125) and 206 (253) cm −1 more stable than the T-shaped isomers, respectively. The spectroscopic properties of all the isomers are studied here in detail.
The spectroscopic properties of the nearly parallel isomer of OCS-C 2 H 4 complex are summarized in Table II . The dis- Kuczkowski. 14 The other spectroscopic constants are consistent with the methods applied. Figure 1 represents the optimized geometry of the nearly parallel isomer of the OCSethylene complex at mPW2PLYP-D2 level with the equilibrium distance, R cm , between the centre of mass (M 1 ) of OCS molecule and the centre of mass (M 2 ) of the hydrocarbon C 2 H 4 and the angles A1 and A2. The angle, A1 (S-M 1 · · ·M 2 ), between S-M 1 and R cm (M 1 -M 2 ) and the angle, A2 (C-M 2 · · ·M 1 ), between C-M 2 and R cm (M 1 -M 2 ) are 106.9
• and 85.5
• , respectively. The values for A1 and A2 and R cm are consistent with the experimental values of Peebles and Kuczkowski. 14 The calculated value for the inertial defect, , agrees well with the experimental value.
The spectroscopic properties of the T-shaped isomer of the OCS-C 2 H 4 complex are displayed in Table III and its optimized structure is shown in Fig. 2 along with the separation distance, R cm . The equilibrium separation distance, R e , at mPW2PLYP-D2 level is in excellent agreement, within 0.01 Å, with the experimental result of Oliaee et al. 15 The equilibrium distance between the centre of mass of OCS and ethylene, R cm , calculated at the same level is also very close to the experimental values of Oliaee et al. 15 , the deviation is only 0.01 Å. The deviation increases when uncorrected DHDF methods are used for the calculations. The rotational constants are also well harmonized with the experimental values of Oliaee et al. 15 The C=O stretching frequency (ν 0 ) estimated at mPW2PLY-D2 and B2PLYP-D2 levels are, respectively, about 47 cm −1 and 26 cm −1 higher than the experimental value, and the values for the van der Waals stretching frequency (ν s ) between OCS and C 2 H 4 obtained by two dispersion-corrected methods are very much consistent. The frequency shift ( ν 0 ), which is the difference between the C=O bond stretching frequency of the free OCS molecule and that of the T-shaped isomer of the OCS-C 2 H 4 complex, agrees very well, within 1.5 cm −1 , with the experimental value. 15 The inertial defect value ( ) is also consistent with the experimental value. It may be noted here that the experimental inertial defect is calculated using the experimental data. 15 The spectroscopic constants and equilibrium distances of the nearly parallel isomer of OCS-C 4 H 6 complex are collected in Table IV and Fig. 3 shows the optimized structure of the nearly parallel isomer of the complex at mPW2PLYP-D2 level with the equilibrium distance, R cm , between the centre of mass of OCS molecule and the centre of mass of the hydrocarbon C 4 H 6 , and the angles A1 and A2. All parameters are first reported. There are no earlier experimental and theoretical results for comparisons. The distance R cm at mPW2PLYP-D2/cc-PVTZ level is slightly, about 0.02 Å, lower than that of the nearly parallel isomer of OCS-C 2 H 4 complex. The • , respectively. These angles are also close, within 0.5
• -2.9
• , to that of the nearly parallel isomer of OCS-C 2 H 4 complex. The C=O stretching frequency (ν 0 ) at mPW2PLY-D2 level is almost the same as that of the nearly parallel isomer of OCS-C 2 H 4 complex. The rotational constants are also consistent. Table V compares the spectroscopic parameters of the Tshaped isomer with the only available experimental values and the optimized structure of the T-shaped isomer of the OCS-C 4 H 6 complex is shown in Fig. 4 with the separation distance, R cm . It is observed from the table that the best results are obtained at mPW2PLYP-D2 level. The distance R cm calculated by the mPW2PLYP-D2 method is almost the same as the experimental value of Oliaee et al. 15 The calculated rotational constants at the same level reproduce the experimental results. 15 The C=O stretching frequency (ν 0 ) at mPW2PLYP-D2 level is little higher than the experimental value of Oliaee et al. 15 The frequency shift ( ν 0 ) is very close to the reported results of Oliaee's group, it agrees within 0.3 cm −1 . Similar agreement with the experimental value, which is calculated from experimental data, is observed for the inertial defect ( ). The nearly parallel isomer is more rigid than the T-shaped one as the inertial defect of the former is greater than that of the latter. Figures 5-8 show the PECs, variation of the interaction energy with the separation distance R, obtained by dispersion corrected ("-D2" and "-D3" corrections) and uncorrected DHDF theories for all the isomers of OCS-C 2 H 4 and OCS-C 4 H 6 vdW complexes. In each case a distinct minimum is observed; but for B2PLYP and mPW2PLYP functionals, the observed minimum is very shallow. In order to cross-check the consistency of our calculated values with the experimental results wherever available, we have also calculated the equilibrium separation distances and depth of the potential well or binding energy from potential energy curves for all the isomers of the vdW complexes and the results along with the experimental values are collected in Table VI . The equilibrium distance R cm value corresponding to minimum energy and the equilibrium distance R e are calculated from potential energy curves at different functionals. From the table, it is clear that the dispersion corrected DHDFs, not the uncorrected ones, show better agreement with the experimental separation distances R e and R cm . The values for the equilibrium R e and R cm distances estimated from PEC drawn using long-range dispersion-corrected mPW2PLYP-D2 and mPW2PLYP-D3 methods for the nearly parallel isomer of the OCS-ethylene complex are 0.01 Å and 0.04 Å shorter than that obtained from direct calculation at the mPW2PLYP-D2 level, whereas the dispersion-uncorrected functionals underestimate the distances by an amount of 0.1 to 0.2 Å. The distance R cm calculated at mPW2PLYP-D2 and mPW2PLYP-D3 levels is same and it deviates 0.06 Å from the experimental value of Peebles and Kuczkowski. 14 The interaction energies corresponding to the potential well depth or binding energy, D e , have also been tabulated in Table VI 15 and these results strongly support our calculated values. It may be pointed out that for both nearly parallel and T-shaped isomers the equilibrium bond distances do not change with refinement of method. The binding energy, D e , at mPW2PLYP-D3 level is 0.35 kcal/mol lower than the nearly parallel isomer of the OCS-C 2 H 4 complex. Thus, the T-shaped isomer of the complex is less stable than its nearly parallel isomer. It is interesting to note that the values for R cm and R e obtained from the PEC at mPW2PLYP-D3 level for the nearly parallel isomers of OCS-C 2 H 4 and OCS-C 4 H 6 complexes are close and this is due to the similarity in their structures. The binding energy, D e , of the nearly parallel isomer of OCS-C 4 H 6 at mPW2PLYP-D3 level is highest among all the isomers of the complexes, and it is almost double compared to the nearly parallel isomer of OCS-C 2 H 4 complex at the same level. Figure 8 represents the potential energy curve for the T-shaped isomer of the OCS-C 4 H 6 complex. The equilibrium distance, R e , is 0.31 Å shorter than the nearly parallel isomer of the complex. The distance R cm at mPW2PLYP-D3 level is almost the same as the experimental value of Oliaee et al. 15 with a small deviation of 0.02 Å. The binding energy, D e , is 0.61 kcal/mol lower than its parallel isomer at the same level. For the isomers of the two complexes, the third order dispersion correction (-D3) has negligible effect on the binding energy of the T-shaped isomers and has very small effect on the binding energy of the nearly parallel isomers. The binding energy decreases with increase of the equilibrium distance (R cm ) between centre of mass of OCS molecule and the centre of mass of the hydrocarbon and it is lowest when the equilibrium R cm distance is greatest. The total SAPT0 interaction energies and the contributing components for both the isomers of the OCS-C 2 H 4 and OCS-C 4 H 6 complexes are collected in Table VII . The SAPT is based on many-body perturbation theory and it provides relative energies that are as accurate as correlated methods. The total SAPT interaction energies, E int (SAPT0 Total), are in very good agreement with the well depths calculated by mPW2PLYP-D2 and mPW2PLYP-D3 methods; deviation varies from 0.03 to 0.27 kcal/mol. The terms that contribute to the vdW interaction are electrostatic, polarization, dispersion, and exchange. The sum of the polarization and dispersion terms is labeled as "total attraction" and sum of electrostatic, exchange, and repulsion is denoted by "total repulsion." The algebraic sum of "total attraction" and "total repulsion" is the total SAPT interaction energy, E int (SAPT0 Total). Among the contributing terms, the dispersion component dominates over the other components. For the isomers of OCS-C 2 H 4 and OCS-C 4 H 6 vdW complexes, the dispersion energy component of the nearly parallel isomer is higher than that of the T-shaped. Thus, the total attraction for the nearly parallel isomers of both the complexes is greater than that for the Tshaped isomers. This implies that the nearly parallel isomers are more stable than the T-shaped ones. The interaction energy, E int , which is nothing but the depth of the potential well, calculated by SAPT0 method for all the isomers is very close to that calculated at mPW2PLYP-D2(D3)/cc-pVTZ level. 
IV. CONCLUSIONS
Spectroscopic properties, potential energy curves, interaction energies, NBO charges, binding energy or depth of the potential well, and stability of the isomers of the OCShydrocarbons as OCS-C 2 H 4 and OCS-C 4 H 6 vdW complexes have been studied in detail using dispersion corrected and uncorrected double hybrid density functionals with correlation consistent triple zeta quality basis set. The underlying interactions of these isomers of both the complexes are also studied using the SAPT0 method, zeroth-order SAPT (symmetry adopted perturbation theory). Among the two functionals, the long range dispersion corrected double hybrid mPW2PLYP-D2 and mPW2PLYP-D3 functionals, which take into account the van der Waals interaction properly, with cc-pVTZ basis set remarkably reproduce the experimental equilibrium distances and spectroscopic parameters wherever available. The van der Waals stretching frequency is also very much consistent. All spectroscopic parameters of the nearly parallel isomer of OCS-C 4 H 6 complex are first computed theoretically. The equilibrium bond distances of most of the isomers remain unchanged and the binding energy changes very small with refinement of method from mPW2PLYP-D2 to mPW2PLYP-D3. The binding energy increases with decreases of equilibrium distance R cm . Among all the isomers of the two complexes, the nearly parallel isomer of OCS-C 4 H 6 is the most stable one as its binding energy is greatest and the T-shaped isomer of OCS-C 2 H 4 is the least stable as its binding energy is the lowest. The components of interaction energy are calculated using the SAPT0 method to get an idea about the dispersion and other contributing terms. For all the isomers of these complexes, the well depths calculated by the mPW2PLYP-D2 and mPW2PLYP-D3 methods are well harmonized with that calculated by SAPT0 method. The calculated values for the inertial defect show that the nearly parallel isomers are more rigid than the T-shaped ones.
